Yeast AP-1 transcription factor (Yap1p) and the enigmatic oxidoreductases Oye2p and Oye3p are involved in counteracting lipid oxidants and their unsaturated breakdown products. In order to uncover the response to linoleic acid hydroperoxide (LoaOOH) and the roles of Oye2p, Oye3p and Yap1p, we carried out proteomic analysis of the homozygous deletion mutants oye3 , oye2 and yap1 alongside the diploid parent strain BY4743. The findings demonstrate that deletion of YAP1 narrowed the response to LoaOOH, as the number of proteins differentially expressed in yap1 was 70% of that observed in BY4743. The role of Yap1p in regulating the major yeast peroxiredoxin Tsa1p was demonstrated by the decreased expression of Tsa1p in yap1 . The levels of Ahp1p and Hsp31p, previously shown to be regulated by Yap1p, were increased in LoaOOH-treated yap1 , indicating their expression is also regulated by another transcription factor(s). Relative to BY4743, protein expression differed in oye3 and oye2 under LoaOOH, underscored by superoxide dismutase (Sod1p), multiple heat shock proteins (Hsp60p, Ssa1p, and Sse1p), the flavodoxin-like protein Pst2p and the actin stabiliser tropomyosin (Tpm1p). Proteins associated with glycolysis were increased in all strains following treatment with LoaOOH. Together, the dataset reveals, for the first time, the yeast proteomic response to LoaOOH, highlighting the significance of carbohydrate metabolism, as well as distinction between the roles of Oye3p, Oye2p and Yap1p.
INTRODUCTION
Lipid oxidation can give rise to harmful lipid hydroperoxides, such as linoleic acid hydroperoxide (LoaOOH) which shows toxicity in Saccharomyces cerevisiae at a concentration of 2 μM (Evans et al. 1998) . Damage caused by lipid hydroperoxide accumulation in mammalian cells is associated with several diseases such as cardiovascular disease, diabetes and various forms of neurodegeneration (Lillig and Holmgren 2007; Bindoli and Rigobello 2013) . Lipid hydroperoxides are also readily formed during industrial brewing processes, particularly in the wort and storage stages that are rich in linoleic acid. When present, such peroxides are detrimental to fermentation and are a major cause of off-flavours (Wu, Rogers and Clarke 2012) .
Saccharomyces cerevisiae responds to LoaOOH by entering G 1 arrest, during which 9% of the yeast genome undergoes a significant change in expression, resulting in adaptation and growth or apoptosis (Alic, Higgins and Dawes 2001) . Activated processes include glutathione and thioredoxin oxidative stress response systems, pleiotropic drug export and lipid catabolism via β-oxidation. Disruption of these processes results in increased sensitivity to LoaOOH (Thorpe et al. 2004; O'Doherty et al. 2013) . Interestingly, the yeast response to LoaOOH is unique relative to other oxidants, evidenced by a distinct gene expression profile, metal ion flux and specific toxicity to particular gene deletion mutants (Thorpe et al. 2004; Wu et al. 2011b; O'Doherty et al. 2013) . Considering that proteomic analysis of the yeast response to LoaOOH has never been done, we believe that such analysis will allow us to gain further insights into the molecular networks of the oxidative stress response.
Within the transcriptomic response of LoaOOH-treated S. cerevisiae, demonstrated in our previous study, the NADPH:oxidoreductase old yellow enzyme (OYE3) showed the greatest change in expression with a 20-fold increase (O'Doherty et al. 2013) . Such an elevated increase in OYE3 transcription, which is otherwise expressed at a very low basal level, suggests a role for OYE3 against LoaOOH. A major regulator of the oxidative stress response in yeast is the yeast AP-1 transcription factor (Yap1p), which accumulates in the nucleus following interaction with a peroxide sensor (e.g. Gpx3p) and intramolecular disulfide bond formation (Gulshan et al. 2005; Ma, Takanishi and Wood 2007) . Interestingly, Yap1p-binding elements are present in the promoter region of OYE3, and its paralogue OYE2. Indeed, Gpx3p-Yap1p signalling is one of the likely regulatory routes underlying the LoaOOH-stimulated induction of OYE3 and OYE2 as overexpression of YAP1 results in increased transcription of both OYE3 and OYE2 (Gasch et al. 2000; Takahashi et al. 2010) .
Oye3p and Oye2p contain a flavin mononucleotide prosthetic group and play a role in the reduction of reactive aldehydes produced following lipid peroxide detoxification, most notably shown using the unsaturated aldehyde acrolein. Treatment of yeast with acrolein results in OYE3 activation (Trotter et al. 2006) . Furthermore, overexpression of both OYE2 and OYE3 increases tolerance to acrolein exposure (Trotter et al. 2006) . In addition to acrolein, Oye3p is known to reduce many other α,β-unsaturated carbonyl compounds in vitro such as 2-cyclohexenone and duroquinone (Niino et al. 1995; Brown et al. 2002) . Together, these findings indicate that Oye2p and Oye3p are involved in the detoxification of lipid peroxides and reactive aldehydes in vivo. Beyond the response to LoaOOH and its breakdown products, exposure to other peroxides (such as H 2 O 2 ) and diamide also leads to increased expression of OYE3 and/or OYE2, indicating a general stress response role for Oye3p and Oye2p (Gasch et al. 2000; Alic et al. 2004; O'Doherty et al. 2013) . However, the molecular network of Oye3p and Oye2p against oxidative stress remains to be fully explored.
This study aims to further our understanding of the response of yeast to LoaOOH-induced stress, particularly the roles of Oye2p, Oye3p and the major oxidative stress regulator Yap1p, by looking into their proteomic profiles following LoaOOH exposure. Proteomic analysis was carried out with gene deletion strains (oye3 , oye2 and yap1 ) alongside the diploid parent BY4743 by the means of 2D gel electrophoresis and tandem mass spectrometry (MS/MS). The LoaOOH-responsive proteomic profiles for oye3 , oye2 , yap1 and BY4743 were then analysed discretely and comparatively.
EXPERIMENTAL PROCEDURES

Strains and media
The Saccharomyces cerevisiae strains used included the parent strain BY4743 (MATa/a; his3 1/his3 1; leu2 0/leu2 0; lys2 0/LYS2; MET15/met15 0; ura3 0/ura3 0), OYE2 deletion mutant oye2 (BY4743 with OYE2::kanMX4/OYE2::kanMX4), OYE3 deletion mutant oye3 (BY4743 with OYE3::kanMX4/OYE3:: kanMX4) and YAP1 deletion mutant yap1 (BY4743 with YAP1::kanMX4/YAP1::kanMX4) (EUROSCARF). Prior to liquid culture, individual yeast strains were first streaked onto YPD agar plates (1% w/v yeast extract, 2% w/v peptone, 2% w/v D-glucose and 2% w/v agar). Minimal medium was used in all experiments as described previously (Wu et al. 2011a ).
Proteome analysis
Single colonies of oye3 , oye2 , yap1 and BY4743 were grown to OD 600 1.0 at 30
• C, 150 rpm, in minimal medium. At OD 600 1.0, immediately prior to treatment, an aliquot of culture (50 mL) was collected to act as a 0 h sample. The remaining culture was split into two pre-warmed flasks and a growth-arresting concentration of LoaOOH, 75 μM or an equivalent volume of methanol as a control, was applied (O'Doherty et al. 2013) . The dosage of 75 μM, at which the cell growth was arrested, was determined by a time-course growth curve. LoaOOH was synthesised as previously described (O'Doherty et al. 2013) . At 1h post-treatment, an aliquot of culture (50 mL) was collected and cells were harvested by centrifugation (5000 g, 5 min, room temperature). The duration of 1h post-treatment is the time point of greatest change in gene expression of yeast exposed to LoaOOH ). This time point was also used in our previous transcriptomics studies (O'Doherty et al. 2013 (O'Doherty et al. , 2014 and therefore allows for comparison between transcriptomic and proteomic platforms. Harvested cells were washed three times with water. The final cell pellets were resuspended in 500 μL water, frozen in liquid nitrogen and stored at -80
• C until extraction of proteins. Duplicate experiments were carried out for each strain, generating a total of 24 samples. To isolate the aqueous soluble protein content, samples were initially exposed to 1 min of mechanical disruption, via a bead mill, using 0.35 g of glass beads (425-600 μm, Sigma-Aldrich, Sydney, Australia), at 4
• C. Disrupted cells were centrifuged at 13 000 g for 10 min at 4
• C to remove cell debris. Supernatants were then precipitated using cold (-20 • C) acetone (1:5 sample/acetone ratio) overnight and centrifuged at 4500 g for 60 min at 4
• C. The resultant pellets were solubilised using 2D buffer (7 M urea, 2 M thiourea, 30 mM Tris and 4% w/v CHAPS). Conductivity of protein samples was kept below the level acceptable for isoelectric focusing (300 μS/cm) following a desalting method described by Khan et al. (2005) . The samples were centrifuged at 21 500 g for 10 min at room temperature and the respective supernatants were quantified by the Bradford assay using bovine serum albumin as a standard and then run on 1D SDS-PAGE to confirm the protein concentrations obtained from Bradford assays. Isoelectric focusing (IEF) was subsequently carried out, whereby 300 μg of protein from each sample was made up to 300 μL with 2D buffer. The proteins were reduced by 5 mM tributylphosphine (TBP) and alkylated with15 mM acrylamide for 90 min at room temperature. 1% v/v carrier ampholytes pH 4-7 and a trace (2 μL) of 0.1% v/v bromophenol blue were added to each sample as a tracking dye. The samples were centrifuged at 21,500 g for 10 min to pellet any particulate impurities and the supernatant loaded onto 17 cm ReadyStrip TM IPG Strip with linear pH gradient of 4-7 by passive in-gel rehydration (∼6 h). IEF was carried out on an Ettan IPGphorII (GE Healthcare, Upssala, Sweden) using the following program: constant step of 300 V for 4 h, gradient step from 300 V to 8000 V for the next 8 h, and constant step of 8000 V until a total of 100 kVh was reached. Throughout the focusing the current limit was set to 50 μA/strip. Upon completion of IEF, the second dimension SDS-PAGE followed. The focused IPG strips were equilibrated on a rocker for ∼2 × 15 min, each in equilibration buffer (6 M urea, 2% SDS, 20% glycerol, 375 mM Tris-HCl pH 8.8). The strips were then placed on the top of 8%-18% casted gradient gels, agarose embedded and the gels were run at 5 mA/gel overnight at 4
• C followed by 40 mA/gel until the bromophenol blue ran off the gels. The gels were then fixed for 1 h and stained overnight with Colloidal Coomassie blue G250, followed by 4 h destaining as described previously (Herbert et al. 2001; Khan et al. 2008) . The gels were scanned using the HP PrecisionScan Pro flatbed scanner. Gel images, captured in tagged image file format, were prewarped using TT900 S2S v.2006 (Nonlinear Dynamics, Newcastle upon Tyne, UK) with 90 warp vectors. The images were uploaded into Progenesis Discovery image analysis software (Nonlinear Dynamics) for analysis. Four experiments were carried out, each containing six gels of a particular yeast strain with two gels for 75 μM LoaOOH-treated samples at 1 h, two gels for the methanol control samples at 1 h, and two gels for the samples at the time point of treatment (0 h). Spots were detected following an automated spot detection method. Each detected spot was checked and manually edited if necessary. Manual editing included merging and splitting spots, adding spots not detected by the software and deleting features (such as streaks, speckles) picked by Progenesis as spots. Spot volume was normalised according to: (Volume of a particular spot/ Total volume of all spots) × Total area of all spots. Normalised spot volume of replicate experiments was averaged and standard deviation (SD) was calculated (Supplementary Information 1) .
Cut-off values of 2 (representing a doubling of spot volume) and -2 (representing a halving of spot volume) were selected and validated using Minitab R 17.1.0. One-way ANOVA was used to compare the fold changes of differentially increased spots (A), differentially decreased spots (B) and spots that fell between the cut-off values (C). A Tukey's pairwise comparison of the three groups was concurrently run with a family error rate specified to 5%. All groups (A, B and C) within each strain were found to be significantly different. Therefore, spots showing fold change equal or greater than 2 were deemed significant.
The differentially expressed protein spots were then excised from their respective gels and identified by mass spectrometry. The spots were excised using a robotic ExQuest spot cutter (Bio-Rad, CA, USA) and subjected to in-gel tryptic digestion. Trypsin digested peptides were extracted from gel pieces, desalted, concentrated by zip-tips (Perfect Pure C18, Eppendorf) and were spotted onto a Matrix Assisted Laser Desorption Ionisation (MALDI) sample plate with 1 μL of matrix solution (α-cyano-4-hydroxycinnamic acid, 4 mg/mL in 90% v/v acetonitrile, 0.1% v/v TFA) and allowed to air dry.
MALDI mass spectrometry was performed with an Applied Biosystems, Mulgrave, Australia 4800 Plus MALDI TOF/TOF Analyser. A Nd:YAG laser (355 nm) was used to irradiate the sample. The spectra were acquired in reflectron mode in the mass range of 700-4000 Da and were externally calibrated using known peptide standards (bradykinin, neurotensin, angiotensin and adrenocorticotropic hormone). The instrument was then switched to MS/MS (TOF/TOF) mode where the eight strongest peptides from the MS scan were isolated and fragmented (by collision-induced dissociation using filtered laboratory air), then re-accelerated to measure their masses and intensities. A near point calibration was applied that gave a typical mass accuracy better than 50 ppm.
The data (peptide peak lists) were exported in a format suitable for submission to the database search program, Mascot (Matrix Science Ltd, London, UK), for identification of proteins. All samples were searched against S. cerevisiae in the SwissProt database with search parameters such as peptide mass fingerprinting (PMF) and MS/MS mass tolerances of ±50 ppm and ±0.8 Da, respectively, and one missed cleavage allowed. Cysteine alkylation (by acrylamide) and methionine oxidation were also considered. When peptide masses were matched to protein sequences in the databases, a number of parameters were considered as secondary level search, as described by Khan and Packer (2006) .
Functions of the differential proteins were annotated by using Saccharomyces Genome Database (http://www.yeast genome.org), Gene Ontology, BioGRID (http://www.thebiogrid. org), KEGG (http://www.genome.jp/kegg/), FunSpec (http://fun spec.med.utoronto.ca) and string analysis (http://string-db.org).
RESULTS AND DISCUSSION
Lipid peroxides may be encountered by cells or formed when cells are under oxidant attack. Here, for the first time, the proteomic response of yeast against the lipid peroxide, LoaOOH, was revealed. Protein samples were collected from yeast strains (BY4743, oye3 , oye2 and yap1 ) treated with LoaOOH (75 μM) or a solvent control, in duplicate, at two time points (0 h and 1 h). The dosage of 75 μM indeed resulted in growth arrest for the four strains as the time-course growth curves under oxidant treatment showed no change in OD 600nm for 2-4 h, relative to solventtreated yeast (Supplementary Information 1). From these samples, a total of 24 2D gels were run. Following gel image and statistical analyses, 102 protein spots were observed to change by at least 2-fold.
Analysis of these differential proteins showed that there was little variation in the solvent control protein profiles between the 1 h (T1) and 0 h (T0) time points for all four strains (Supplementary Information 2). Only BY4743 and oye3 showed proteins that changed 2-fold or more for this period (T1 v T0 0 μM LoaOOH): three proteins (Ssb1p, Met6p and Ctt1p) in BY4743 were overexpressed, and oye3 had one protein of increased expression (Act1p) and one protein of decreased expression (Hsp31p). Analysis of the T1 v T0 solvent control comparison allowed for determination of false positives, specifically the effects due to time or solvent (MeOH) exposure. Note that none of the proteins observed in the BY4743 T10 μM v T0 comparison were found in the solvent and oxidant treatment comparison at 1 h (T1 75 μM v T1 0 μM LoaOOH) in BY4743 (Supplementary Information 2). Therefore, all differential proteins within BY4743, oye2 and yap1 profiles were due to the response to LoaOOH treatment. However, within oye3 , Act1p and Hsp31p were also among the differentially expressed proteins in response to oxidant treatment (Supplementary Information 2) .
The differentially expressed proteins of the four strains in response to 75 μM LoaOOH are shown in Fig. 1 . A total of 97 protein spots were changed by at least 2-fold at 1h post-LoaOOH exposure. The number of differential protein spots per strain was BY4743 24 spots (17 increased, 7 reduced); oye3 31 spots (26 increased, 5 reduced); oye2 27 spots (22 increased, 5 reduced); and yap1 15 spots (10 increased, 5 reduced). Differential spots were excised and successfully identified by MS/MS (Supplementary Information 2).
Effects of LoaOOH on the reference yeast proteome
The modified proteomic profile of the reference yeast, BY4743, in response to LoaOOH is shown in Table 1 . LoaOOH treatment induced an increase in proteins involved in the stress response, namely, the cytosolic peroxiredoxins Tsa1p and Ahp1p, and the heat shock protein (HSP) Hsp31p. The type-2 peroxiredoxin Ahp1p showed both the greatest level of change, with an increase of 4.30-fold (spot 411), and the greatest abundance of any protein, post-LoaOOH treatment, that is, Ahp1p (spot 400) showed a final spot volume of 39 869 units. Put into perspective, the next highest volume was observed for Tsa1p (spot 468) at 17 777 units. Each of these stress response proteins-Tsa1p, Ahp1p and Hsp31p-is regulated by Yap1p and plays important roles in maintaining redox homeostasis. For example, Hsp31p and Ahp1p detoxify organic peroxides (Lee et al. 1999b; Skoneczna, Miciałkiewicz and Skoneczny 2007) . Tsa1p is reported to function against inorganic peroxides, such as H 2 O 2 , and deletion of TSA1 sensitises cells to oxidative stress (Ross et al. 2000; Wong, Siu and Jin 2004) . High accumulation of these proteins in this dataset provides further confirmation for their antioxidant (Jang et al. 2004) , which is reversible via ATPdependent reduction by sulfiredoxin (Srx1p) (Biteau, Labarre and Toledano 2003) . We reported an 18-fold activation of SRX1 upon LoaOOH treatment (O'Doherty et al. 2013) , potentially for recycling oxidised thiols on Tsa1p. Table 1 also shows a number of identified proteins that function as part of the glycolysis pathway (Eno1p, Eno2p, Fba1p, Gpm1p and Tdh3p). This suggests that carbohydrate metabolism was likely modified following lipid hydroperoxide exposure. However, it cannot be ascertained which direction glucose metabolism was progressing, as each of the identified proteins catalyses both forward and reverse reactions. As these metabolic enzymes also possess moonlighting functions such as the involvement of Fba1p in vacuolar H + -ATPase assembly and the interaction of Tdh3p with histone deacetylase Sir2p (Lu et al. 2004; Ringel et al. 2013) , there is a likelihood that those moonlighting roles could be relevant to the response to LoaOOH. However, considering the simultaneous overexpression of this cluster of enzymes, it is more likely that carbohydrate metabolism is involved in the cellular response to the oxidant. Glucose was present in the media at 20 g L −1 at the point of inoculation and likely enters cells during treatment as transcription of multiple hexose transporter genes (HXT2, HXT3, HXT5, HXT6, HXT7 and HXT9) increases upon LoaOOH exposure O'Doherty et al. 2013) . Part of the intracellular glucose pool may enter the pentose phosphate pathway (PPP) to satisfy the need for NADPH in response to LoaOOH-induced stress. The oxidation-reduction cycling of peroxiredoxins, such as those (Tsa1p and Ahp1p) markedly increased upon exposure to LoaOOH, requires thioredoxin as the electron donor, which in turn must be restored with NADPH. Interestingly, LoaOOH treatment leads to an increased expression of ZWF1 ). Glucose-6-phosphate dehydrogenase encoded by ZWF1 catalyses the rate-limiting first step of the PPP, and disruption of the PPP sensitises yeast to a range of oxidants, including LoaOOH (Thorpe et al. 2004 ). Acyl-CoA-binding protein, Acb1p, was increased 2-fold, which indicates an increase in the transport of acyl-CoA and long-chain fatty acids following LoaOOH treatment. Such lipids may include LoaOOH and its derivatives. Lipid transport and metabolism was also changed at the transcript level, specifically fatty acid import into peroxisome (FAA2) and genes involved in β-oxidation (POX1, POT1 and CTA1) (O'Doherty et al. 2013) . Similarly, Thorpe et al. (2004) found peroxisome function to be central to the response to LoaOOH, as mutants lacking peroxisome function were uniquely sensitive to LoaOOH among five oxidants investigated. Sites of lipid catabolism (peroxisome and vacuole) are likely involved in degradation of lipids damaged during oxidant attack and potentially represent a mode of LoaOOH breakdown. Movement of lipids synthesised in replacement of those damaged or of LoaOOH directly may be facilitated by Acb1p, which may in turn underlie its increased expression shown in Table 1 . Also at the vacuole, the level of proteinase A (Pep4p) increased over 2-fold following LoaOOH exposure (Table 1) . Pep4p initiates the maturation and activation of additional vacuolar hydrolases, Prc1p, Prb1p and Lap4p, as well as acting on several other non-protease targets (Parr et al. 2007 ). Pep4p overexpression here could be related to protein degradation after oxidative damage.
Absent from the list were Oye3p, Oye2p and Gpx2p, which is in contrast to their upregulated gene expression upon LoaOOH treatment O'Doherty et al. 2013 ). This result is not unexpected since it has been described that proteomics and transcriptomics data sets can diverge in complex biological systems (Maier, Güell and Serrano 2009) . Differences could be due to the low level of the above proteins, which may have been below the sensitivity of the current proteomic analysis. OYE3, for example, is transcribed at a low basal level in the absence of LoaOOH, but its transcription undergoes a large change (20-fold) in response to LoaOOH exposure (O'Doherty et al. 2013) . Such dramatic change in transcription does not seem to translate into a significant Oye3p accumulation. Interestingly though, the response of oye3 to LoaOOH significantly differed from that of BY4743 (Table 2) . Proteins significantly decreased upon LoaOOH treatment included Sba1p (−2.70), Ssz1p (−2.39) and Sgt2p (−2.34). These cytosolic proteins are involved in DNA replication, ribosomal activity and facilitation of post-translational modifications, respectively. Specifically, Sba1p is involved in telomere maintenance via regulation of telomerase activity and the expression of HSP90 class chaperones (Fang et al. 1998; Toogun, Zeiger and Freeman 2007) ; Ssz1p belongs to the HSP70 family which is associated with the ribosome complex (Huang et al. 2005) ; and Sgt2p is a scaffold protein that mediates the binding of posttranslational modification proteins in the endoplasmic reticulum (ER) membrane (Wang et al. 2010) . Downregulation of these proteins in response to LoaOOH is likely due to decreased growth, which fits with the growth arrest phenotype observed following 75 μM LoaOOH treatment.
There was a decrease in the vacuolar-ATPase (V-ATPase) proteins Vma1p and Vma4p. These proteins function as catalytic subunits A and E of the V1 domain of the V0/V1 V-ATPase, a large complex embedded in the vacuole membrane which facilitates vacuolar acidification via active transport of protons (Forgac 1999) . The V1 domain consists of eight subunits, of which Vma1p and Vma4p are essential for assembly and facilitate ATP binding and hydrolysis (Ho et al. 1993; Graham, Flannery and Stevens 2003) . A decrease of VMA proteins indicates a coordinated downregulation of V-ATPase function upon LoaOOH exposure and thus reduced vacuolar acidification. This could be in response to fatty acid import into the vacuole or modified vacuolar function, such as increased activity of proteinases (e.g. Pep4p).
A feature common to all yeast strains investigated was the presence of multiple spots for some proteins. For example, three spots were identified as Ahp1p, and three for Tdh3p (Table 1) . This indicates the possibility of proteolysis, post-translational modifications on these proteins, such as S-thiolation or oxidised/reduced states of the proteins, or potential discovery of previously uncharacterised isoforms.
Changes in proteome observed within oye3 treated with LoaOOH
The oye3 mutant displayed a unique protein profile in response to LoaOOH compared with that of BY4743 (Fig. 1) and included a greater number of differentially expressed proteins upon the oxidant treatment (Table 2) . Increase of Asc1p indicates a reduction of protein translation within LoaOOH-treated oye3 , as Asc1p simultaneously represses translation processes and downregulates the translation initiator Tif3p (Gerbasi et al. 2004 ). This may also explain the observed reduction of Tif3p (Table 2) proteins Ssa1p and Sse1p were increased in response to LoaOOH. These molecular chaperones bind to newly translated protein to assist in proper folding and prevent aggregation/misfolding, as well as disassembling aggregates of misfolded proteins in yeast (Bukau and Horwich 1998; Shaner et al. 2005) . The cyclophilin, Cpr1p, which is involved in protein folding and trafficking, was also upregulated in oye3 . Modified translation process coupled with an increase in chaperone function, neither of which was altered in the BY4743 response, suggests ribosome function and newly translated proteins were increased under LoaOOHinduced stress in the absence of Oye3p NADPH:oxidoreductase function.
Interestingly, another NADPH:oxidoreductase, Pst2p, was overexpressed in oye3 . Pst2p belongs to a family of flavodoxinlike proteins (Grandori and Carey 1994) . It is detected in the mitochondria, induced by oxidative stress in a Yap1p-dependent manner, and was also found to accumulate in the plasma membrane fraction of yeast during adaption to H 2 O 2 (Lee et al. 1999a; Reinders et al. 2006; Pedroso et al. 2012) . Activation of stress responses in oye3 , including the flavodoxin-like Pst2p, indicates the importance of NADPH:oxidoreductase function in the face of a lipid oxidant challenge. Interestingly, Li et al. (2015) have shown that a quadruple mutant of Candida albicans lacking all four flavodoxins (pst1 /pst2 /pst3 /ycp4 ) is sensitive to lipid (linolenic acid) treatment alone. In Saccharomyces cerevisiae, Pst2p function may overlap with that of Oye3p in response to LoaOOH, which could represent a greater functional overlap than with its paralogue Oye2p, as no change in Oye2p was detected in oye3 , and Pst2p was not overexpressed in oye2 .
In a similar manner to the BY4743 response, the peroxiredoxins Tsa1p and Ahp1p were increased in oye3 following LoaOOH. Likewise, a number of proteins involved in carbohydrate metabolism were overexpressed in oye3 , including Eno2p, Fba1p, Pgk1p, Tdh2p and Tdh3p, which indicates that carbohydrate metabolism was also significantly altered in oye3 .
In oye3 , Act1p and Hsp31p were differentially expressed in both the T1 0 μM v T0 and T1 75 μM v T1 0 μM comparisons (Supplementary Information 2). Change in Act1p was deemed to be a false positive, as the 2-fold decrease shown (Table 2 ) was due to an increase in Act1p expression in the oye3 solvent control sample at 1 h rather than a reduction within the oxidant-treated sample at 1 h. However, this does indicate that a lack of OYE3 was sufficient to alter the expression of Act1p in exponentially growing yeast. The increased expression for Hsp31p in oye3 in response to LoaOOH was over twice that seen in the solvent control, therefore representing a significant change.
The protein profile of oye2 treated with LoaOOH
Within LoaOOH-treated oye2 , there was an increase in the CuZn superoxide dismutase, Sod1p, and the mitochondrial chaperone, Hsp60p (Table 3) . Neither Sod1p nor Hsp60p formed part of the response to LoaOOH in BY4743 or oye3 , suggesting that a loss of OYE2 leads to a distinct stress response. The overexpression of mitochondrial Hsp60p in oye2 (not in oye3 ) supports the notion that Oye2p is active at the mitochondrion, as GFP-oye2p was localised to mitochondria (Odat et al. 2007 ). Such mitochondrial localisation was not shared by GFP-oye3p (Odat et al. 2007 ). Type-2 peroxiredoxin, Ahp1p, along with the heat shock proteins Hsp31p and Ssa1p exhibited a large increase. Interestingly Tsa1p was not significantly changed in oye2 .
The elevation of carbohydrate metabolism-related proteins (Eno2p, Pdc1p, Pgk1p and Tdh3p) was again observed in oye2 under the treatment of LoaOOH. Pep4p was increased and Vma1p decreased in oye2 , as in BY4743. A decrease in vacuolar aminopeptidase 1 (Lap4p), a target of Pep4p, was also identified. LoaOOH treatment led to an increase of Hri1p, a protein of unknown function that interacts with the broad functioning kinase Hrr25p, and Sec 72p, which is a non-essential subunit of the Sec 62/63 ER protein translocation complex (Willer et al. 2003; Fasolo et al. 2011) . The downregulation of Psa1p indicates the suppression of the cell cycle by LoaOOH in oye2 , because Psa1p is a mannose 1-phosphate guanyltransferase, essential for the synthesis of GDP-mannose for N-linked and O-linked protein glycosylation, and its expression is cell cycle regulated (Benton et al. 1996) . This notion is further confirmed by the concurrent downregulation of Sec 53p which is in the same pathway for GDP-mannose synthesis as Psa1p. The fact that PSA1 is an essential gene highlights the critical role of Psa1p in cell-cycle progression.
Finally, there was no change of Act1p in oye2 . However, modification at the cytoskeleton level is possible in the absence of OYE2 as tropomyosin-1 (Tpm1p) was increased in LoaOOHtreated oye2 (Table 3) . Tmp1p is an actin stabiliser and Oye2p was found to be involved in protecting actins from oxidation (Farah and Amberg 2007) .
Protein profile of yap1 treated with LoaOOH
Fewer proteins showed a differential change in yap1 upon LoaOOH treatment compared to BY4743. Seven proteins were found to significantly increase and six were decreased by >2-fold (Table 4 ). This represents a 30% reduction on the regulated protein complement seen in BY4743 or either OYE-deletion mutant. Thus, the yeast response to LoaOOH was limited by the absence of Yap1p.
The peroxiredoxin Tsa1p participates in the cellular defence against several types of stress, such as that induced by reactive oxygen and nitrogen species (Wong et al. 2002) , the toxic metal ions cadmium and arsenite (Vido et al. 2001; Thorsen et al. 2007) , and the antimitotic drug benomyl (Lucau-Danila et al. 2005) , all of which involve TSA1 regulation via Yap1p. In response to LoaOOH, a noticeable difference in the level of Tsa1p was observed in yap1 relative to BY4743. In the parent strain (BY4743) and oye3 , Tsa1p was increased 2.4-fold and 2.2-fold, respectively (Tables 1 and 2) , which is in stark contrast with the response of yap1 where Tsa1p was significantly decreased (-2.4-fold) ( Table 4 ). The decrease of Tsa1p in yap1 demonstrates that TSA1 regulation requires Yap1p in response to LoaOOH. Conversely, Ahp1p increased 6.74-fold in yap1 , a level considerably greater relative to that within BY4743 (4.30-fold), possibly to compensate for the loss of TSA1 expression. Increased Ahp1p has also been observed through differential proteomic profiling in yeast cells undergoing acetic acid-induced programmed cell death (Ždralević et al. 2015) , possibly to provide these cells with a better protection against stress.
The proteomic profile of yap1 also provides insight into the regulation of AHP1 and HSP31. Unlike Tsa1p, both Hsp31p and Ahp1p increased in yap1 following treatment with LoaOOH, which shows that HSP31 and AHP1 expression can be activated in the absence of Yap1p. This is contrary to previous studies which found HSP31 and AHP1 expression to be Yap1p-dependent, including under H 2 O 2 exposure (Skoneczna, Miciałkiewicz and Skoneczny 2007; Delic et al. 2014; Amm, Norell and Wolf 2015) . Thus, under LoaOOH exposure, HSP31 and AHP1 are not only regulated by Yap1p, but also by other transcription factor(s). Interestingly, Lefevrei et al. (2012) report that, in yca1 cells, expression of CTA1 and AHP1 increased upon H 2 O 2 treatment while expression of all other oxidative stress response genes decreased relative to WT. This shows a decoupling of AHP1 expression from other oxidative stress response genes under peroxide treatment in a manner similar to that seen in response to LoaOOH here.
The regulatory operation of Skn7p overlaps with Yap1p (He, Mulford and Fassler 2009) ; however, Skn7p cannot be responsible for the increased abundance of Ahp1p, nor any other oxidative stress response genes within yap1 cells, due to the dependency of Skn7p on Yap1p for activation of oxidative stress response genes (He, Mulford and Fassler 2009 ). Skn7p does not directly respond to oxidant challenges, but rather cooperates with Yap1p when co-localised in the nucleus via the I 428 and V 429 residues in the Skn7p receiver domain and subsequent phosphorylation (He, Mulford and Fassler 2009) . Consistent with the response to all strains following LoaOOH exposure was an increase in glycolysis proteins (Eno1p and Tdh3p) in yap1 . Similarly, the translation repressor Asc1p was also increased in yap1 , as in oye3 , and oye2 . The repressed Psa1p in yap1 is involved in the preparation of mannose for incorporation into N-linked and O-linked glycoproteins, is required for correct cell wall biosynthesis and is cell cycle regulated. Similar to the repression of Psa1p in oye2 , downregulation of Psa1p indicates the suppression of cell cycle by LoaOOH in yap1 .
Synopsis of the proteomic profiles from the four strains in response to LoaOOH
A total of 97 differential spots were revealed across four strains in response to LoaOOH (T1), and 43 proteins were identified. Elevation of proteins in the glycolysis pathway dominated the cell's response against the lipid peroxide (Supplementary Information 2 and Tables 1-4) . Multiple glycolytic enzymes were upregulated in each of the strains investigated, including enolase (Eno2p), glyceraldehyde-3-phosphate dehydrogenase (Tdh3p) and fructose-bisphosphate aldolase (Fba1p). These proteins function as part of the glycolysis pathway catalysing both forward and reverse reactions. Concurrent increase in pyruvate decarboxylase (Pdc1p) across all strains suggests that carbohydrate flux proceeded through glycolysis and into fermentation, via pyruvate, likely for generation of ATP and NAD + . This finding is contrary to the study of Shenton and Grant (2003) , which showed that the function of Eno2p, Tdh3p and Fba1p in particular was reversibly inhibited by H 2 O 2 . Active glycolysis does not preclude carbohydrate entry into the PPP. Indeed, upregulation of ZWF1 and other PPP genes occurs on LoaOOH treatment O'Doherty et al. 2013 ) and the fact that deletion of PPP genes sensitises yeast to LoaOOH (Thorpe et al. 2004) demonstrates that the PPP is required for LoaOOH tolerance. An active PPP is likely for the production of NADPH in response to lipid peroxide for reducing antioxidant proteins (e.g. peroxiredoxins and Oye3p). Thorpe et al. (2004) show that a cluster of mutants with disrupted glycolysis and lipid metabolism were uniquely sensitive to LoaOOH, not to H 2 O 2 , cumene hydroperoxide and menadione. This supports the notion that carbohydrate metabolism is uniquely involved in the cellular response to lipid hydroperoxide-induced oxidative stress. The involvement of carbohydrate metabolism could be due to the need to maintain energy production for active defence against LoaOOH, as suggested by Thorpe et al. (2004) .
Intriguingly, Hsp31p, paralogous to Hsp32p, Hsp33p and Hsp34p, was found to be increased in all strains in response to LoaOOH. Recently, this protein has been shown to have glyoxalase function, converting methylglyoxal to D-Lactate (Hasim et al. 2014; Bankapalli et al. 2015) . This may also support the involvement of carbohydrate metabolism in response to LoaOOH, since active sugar metabolism could generate the toxic by-product, methylglyoxal, which can be detoxified by Hsp31p.
Further investigation into the carbohydrate metabolic response to oxidative stress bears significance beyond simply the way that yeast cells respond to oxidative challenges, due to the similar metabolic changes observed in aerobic glycolysis, known as the 'Warburg effect in cancer cells. Cancerous cells exhibit elevated glycolytic proteins similar to the response observed in this study (Heiden, Cantley and Thompson 2009; Diaz-Ruiz, Rigoulet and Devin 2011; Pavlides et al. 2012) .
The proteomic data also suggest that Oye3p and Oye2p contribute to the response against LoaOOH stress. This is evidenced by stress response proteins identified in oye3 and oye2 that did not form part of the BY4743 response, such as Pst2p, Ssa1p and Sse1p in oye3 , and Sod1p, Hsp60p, Ssa1p and Tpm1p in oye2 . Such distinction points to Oye3p and Oye2p having discrete roles against the lipid hydroperoxide. Increased Pst2p in oye3 suggests a cytosolic location for Oye3p, whereas an increase in mitochondrial located proteins (Hsp60p and Sod1p) and actin filament maintenance (Tpm1p) was notable in oye2 .
In conclusion, this study provides a general picture that HSPs, peroxiredoxins and glycolytic enzymes are at the forefront of the yeast response to LoaOOH. It also reveals distinctive roles for Oye3p, Oye2p and Yap1p within this response. The novel data set contributes to the ongoing assemblage of protein functions for the model organism S. cerevisiae. Future investigations should shed more light on the involvement of carbohydrate metabolism in oxidative stress responses, particularly against lipid hydroperoxides.
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